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Short glass fibre reinforced plastic composites 
are being increasingly used in many applications such as 
automobile bodies, safety helmets, house hold furnitures 
etc. For an efficient use of the material it is desirable 
to establish criteria which will accurately predict failure 
loads. Fracture mechanics is the discipline concerned with 
failure by crack initiation and propogation. Application 
of fracture mechanics approach has provided useful informa- 
tion on the flaw sensitivity of isotropic materials and for 
establishing the inspection requirements concerning criti- 
cality of cracks. The present studies are a part of 
considerable efforts being directed by tiie composite 
materials community to study the relevance and applicability 
of the fracture mechanics approach to composite materials. 



xviii 


The present investigations have been performed 
on short-glass-fibre-mat reinforced epoxy composites. 

The composite material plates were fabricated in the 
laboratory using chopped strand mat of glass fibres having 

p 

a weight of 0,6 kg/m and an average fibres length of 
50 mm. The volume fraction of fibres was vailed between 
20 and 52 percent by placing different number of layers of 
mat in the composite material plate. The matrix material 
was generally an epoxy which is commercially designated 
LY 553 and is recommended for structural applications. 
However, tests have also been performed on some other 
grades of epoxy. The fracture toughness tests have been 
performed on the testing system designed, fabricated and 
instrumented in the laboratory. The load is measured by 
a 20 KN Instron load cell. The crack opening displacement 
is measured by a clip gauge developed in the laboratory. 
The material and test parameters include the initial crack 
length, fibre concentration, specimen thickness, width, 
test temperature and matrix materials. Most of the frac- 
ture toughness tests have been performed in the crack 
extension mode (Mode I). Since the practical structures 
are subjected to tensile as well as shear loads and the 
fact that the fibrous composites generally have a low 
shear strength, the fracture toughness tests have been 
performed in shear modes (Modes II and III) as well. 

For each parameter four to five specimens have been tes- 
ted. Thus the results described in this thesis pertain 
to tests on nearly 4-00 specimens. 
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In the short fibre composites investigated here, 
considerable amount of damage is observed to occur at the 
crack tip prior to final unstable fracture. Although 
there are a number of microcracks in the damage zone, the 
progress of damage zone is not a crack extension in the 
conventional sense. However, the crack tip damage does 
increase the compliance as crack extension does in metallic 
materials . The size of the damage zone can be represented 
by an effective crack length determined through compliance 
matching. This effective crack length has been used to 
obtain the crack growth resistance curves (R - curves). 

The R - curve approach has been found useful in comparing 
the fracture behaviour of composite materials. The pre- 
sent results, however, indicate that at room temperature 
and at -1 .1 °C, the crack growth resistance at instability, 
KR(ing), depends upon the initial crack length. The 
^R(ins) depends upon the volume fraction of fibres. 

At elevated temperatures of 43.3 and 60 °C the is 

nearly independent of initial crack length. The material 
also eidiibits notch insensitivity at these temperatures, 
because the matrix becomes very ductile. The results with 
different matrix materials also indicate that the 
may be independent of initial crack length when the matrix 
is very ductile. The candidate stress intensity factor 
shows a slight increase with the specimen thickness, where 
as it decreases with increase in specimen v/idth. The 
notched strength of these composites has been found to be 
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in reasonable agreement with some theoretical predictions 
provided the overall failure is brittle. At elevated 
temperatures the criteria predicting notched strength are 
no more applicable because of the material behaving in a 
ductile manner. 

Fracture toughness tests in Mode II and Mode III 
have also been performed in the same testing system through 
special fixtures to apply appropriate loading. For the 
analysis of results, the compliance calibration factor is 
first obtained through the compliance curve in each case. 

It appears that the linear elastic fracture mechanics 
concepts can be better applied to the short fibre compo- 
sites when tested in Mode II and Mode III . 



CHAPTER 1 


INTRODUCTION 

1.1 INTRODUCTION TO FRACTURE OF COMPOSITES 


Fibre reinforced composites are certainly one 
of the oldest and most widely used form of composite 
materials. Their study and development have been 
largely carried out due to their vast structural appli- 
cations. The two outstanding features of oriented fibrous 
composites are their specific strength and stiffness and 
controlled anisotropy. High specific strength and stiff- 
ness mahe them attractive structural materials where 
weight saving is at a premium. Controlled anisotropy 
means that the desired ratio of its property values in 
different directions can be easily obtained. Other advan- 
tages of fibrous composites include ease of processing 
and structural forms otherwise inconvenient or impossible 
to manufacture. Their utilization, thereforejin aero- 
space and transportation industries is continuously 
increasing. 

Most of the structural elements or laminate 
made of fibrous composites consist of several distinct 
layers of unidirectional laminae, properties and orien- 
tation of the laminae are chosen to meet the laminate 
design requirements. The laminates constructed from 
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unidirectionajL laminae have one disadvantage; although the 
overall composite has requisite strength in all directions, 
the surface layers, where the failure is quite often initia- 
ted, are very weak in the transverse direction. In appli- 
cations where protection from a corrosive environment is an 
important factor, such as storage tanks in the chemical 
industry and in many applications in the automobile indus- 
tries, the weakness of surface layers in the transverse 
direction is a serious limitation. In many other applica- 
tions, where the state of stress may not be predictable or 
where it is kno\m that the stresses are approximately equal- 
in all directions, unidirectional composites or laminae may 
not be required or cost effective. Thus, in many applica- 
tions it is advantageous to have each layer or laminae 
isotropic. Randomlj’' oriented short fibre composites are 
commonly used to provide such isotropic layers. Short 
fibre composites are also widely used in producing compo- 
nents by injection or compression moulding such as in 
safety helmets, household furnitures and other appliances. 
The present studies are carried out on short fibre compo- 
sites . 

A continuum analysis of anisotropic materials 
is employed to formulate the stress strain relations for 
composite materials. The predictions of continuum analysis 
regarding deformational response of composites have proven 
to be accurate, because the deformation is an average 
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property and. is not influenced by local heterogeneity. 

The applicability of a continuum approach can not be taken 
for granted in a process like failure that is initiated by 
localised conditions. The strengths of composites are 
evaluated by conducting tests on geometrically smooth speci- 
mens in which no sharp stress gradients are present. How- 
ever, experience with fracture of metals suggests that the 
occurrence of failure in the presence of sharp stress 
gradients (or flaws) is different from that in a relatively 
slow varying stress field. Moreover, in practical struc- 
tures, macroscopic cracks, which produce sharp stress 
gradients, can accrue during the various manufacturing 
processes as well as in service. The study of quasi static 
crack growth can, therefore, provide useful information on 
the flaw sensitivity of the materials and for establishment 
of inspection requirement concerning criticality of the 
cracks. 

The subject of fracture mechanics is concerned 
with the stucay of fracture of materials by crack propo- 
gation. The fracture mechanics approach has been found 
very useful in predicting the strength of homogeneous 
isotropic materials in the presence of flaws or cracks and 
also in developing the techniques for their quality control 
and service inspection. Fracture mechanics applied to 
composite materials is more complicated because self similar 
crack g3x»wth which occurs in homogeneous materials, usually 
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does not occur in composite materials. Fracture 'behaviour 
of composite materials has been studied, "both theoretically 
and experimentally, by a number of research workers. How- 
ever, the concepts of fracture mechanics as applied to 
composite materials are still in the developing stage and 
require further theoretical and experimental investiga- 
tions. The work reported here is an experimental investi- 
gation concerning fracture mechanics of short fibre 
composites . 

1.2 LITERATUHE SURW 

Preliminary results of Sih et al |_^1 J with glass 
and graphite fibre reinforced epoxy indicate that there 
exists an optimum fibres volume fraction for which the 
composites achieve maximum fracture tou^ness. The tests 
were performed on unidirectional composites with , the crack 
running parallel to the fibres . Zweben [^23 theoretically 
studied different approaches to the study of fracture 
behaviour of composites and showed that with the use of 
relatively simple models, it is possible to predict many 
of the unusual fracture phenomena that are observed. 

Atluri, Kobayashi and NakagaJtd. Tsjhave a finite element 
procedure to solve two dimensional problems in fracture 
mechanics involving anisotropic, nonhomogeneous but 
linearly elastic materials. They further developed a 
hybrid finite element procedure for treating a general 
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class of problems involving mixed mode behaviour of cracks 
to solve the problems involving rectilinear, anisotropic 
materials [ V | . 

r “! 

Beaumont | 5 j presented a review of the fracture 
processes which occur in brittle thermosetting resins 
containing long strong fibres of carbon, boion and glass 
and indicated that fibre strength and strength of fibre 
matrix interface play an important roll in the fracture 
behaviour of fibrous composites. Other parameters which 
must be considered include, component geometry, environ- 
ment and loading mode. Mandell, Wang and McGarry ^6*3' investi- 
gated the size and character of damage zone at the tip of 
sharp notches in fibre reinforced plastic laminates. The 
damage zone was found to increase in extent approximately 
in proportion to Kj. Using the crack tip analysis WuT?! 
has foxmulated phenomenological failure criterion and 
established that the unstable crack propogation can be 
characterized by failure within critical volume. 

Whitney and Nuismer [_8, ^ have developed two 
stress fracture criteria for laminated composites, contain- 
ing stress concentrations. The criteria results in two 
parameters (unnotched tensile strength and a characteristic 
dimension) models which are capable of predicting observed 
discontinuity size effects without resorting to classical 
concepts of linear fracture mechanics. They examined the 
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effect of , changes in the material system, laminate fibre 
orientations, and the notch shape and size through experi- 
ments on two material systems, glass/epoxy and graphite/ 
epoxy, in conjunction with two orientations of fibre domi- 
nated laminates containing through the thickness, circular 
holes and sharp tipped cracks of several sizes. Their 
experimental results show reasonable agreement with the 
theoretical developments. Nuismer and Labor flOj 111 
investigated applications of the average stress failure 
criterion to the tensile and compressive fracture strength 
of several graphite/epoxy laminates and showed that the 
criterion leads to acceptable strength predictions. 

Brinson et al[~12, 1^ investigated the fracture 
behaviour of graphite/ epoxy laminates containing single 
edge notches, double edge notches, centrally located cir- 
cular or square holes with various aspect ratio. They 
compared their experimental results with the theoretical 
predictions of Whitney and W\iLsmer. The results tend to 
show that use of only isotropic correction factors allow 
good correlation between theory and experiment . Morris ard 
Hahn I 14, 15 j have applied the resistance method to charac- 
terise fracture resistance of graphite/epoxy laminates 
through a compliance matching procedure to model a self 
similar crack extension. Experimental datas for central 
cracked tension specimens reveal a linear relationship 
between crack growth resistance and initial crack length. 
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Daniel ' 16 - 18 ’used experimental stress 
analysis techniques to stuay the deformation and failure 
of axially and biaxial-ly loaded graphite/ epoxy plates with 
cracks and holes. Barrett and Foschi 1 19 ; studied the 
Mode II (Forward shear) fracture of wood, a highly oriented 
natural composite. Bunnsell ; 20 i studied the failure of 
ashesto cement, boron aluminium and carbon reinforced epoxy 
resin and concluded that in the case of asbesto cement in 
which the cement matrix controls the failure of composite, 
crack propagation occurs in a similar manner to that which 
is found in more homogeneous materials. The failure of 
boron aluminium and carbon reinforced epoxy resin is found 
to be controlled by the fibres. 

Kanninen, Raybicki and Brinson 1^21 i presented a 
critical look at the applications of fracture mechanics to 
the failure of fibre reinforced composites. They found 
that, these are generally empirical extension of linear 
elastic fracture mechanics that are not capable of coping 
with the complexity of the crack extension processes, as 
seen from the micromechanical point of view and concluded 
that innovative fracture mechanic techniques are required. 
They suggested that the mateiial, treated as heterogeneous, 
where micros true tural effects are predominant and as a 
homogeneous anisotropic continuum, where they are not. 

Fracture toughness studies cited in the prece- 
ding paragraphs are mostly concerned with the oriented 
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materials, such as continuous fibre reinforced unidirec- 
tional or laminated composites. Due to the vast industrial 
application of continuous fibre reinforced composites, 
fracture toughness tests are performed on them, even though 
they can not be well interpreted. Fracture toughness tests 
can be more effectively used for randomly oriented short 
fibre composites that are isotropic in the plane of the 
composite. Gaggar and Broutman ; 22 - 27 I have extensively 
studied fracture mechanics of short fibre reinforced eposy 
and polyester resins. They have applied the concepts of 
linear elastic fracture mechanics (LEFM) by assuming that 
the damage growth at the crack tip can be modelled as a 
self similar crack extension through compliance matching. 
They observed that substantial slow crack growth occurs 
prior to unstable fracture and pointed out that the total 
fracture behaviour of the materials may be studied by 
applying the concept of crack growth resistance curves 
(R - curve). However, further theoretical and experimental 
investigations are necessaiy before the R - curves concepts 
can be applied with confidence to the composite materials. 
The present studies are a step in the same direction. 

1 .3 SCOPE OF PRESENT WORK 

The present studies are a part of considerable 
efforts being directed by the composite material community 
to study the relevance and applicability of fracture 
mechanics approach to composite materials. It was decided 
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to carry out investigations on short fibre reinforced 
composites for tv;o reasons. One, short fibre composites 
iiave become important material for the manufacture of many 
moulded components and structures and also for producing an 
isotropic layer on the surface of laminates made from 
unidirectional laminae. Tv/o, the short fibre composites 
are isotropic in the plane of the plate and thus, the 
fracture toughness tests can be better interpreted. It is 
expected that the results of the tests on short fibre com- 
posites would lead to an insight into the fracture behaviour 
of oriented composites. 

The present investigations have been performed 
on short glass fibre mat reinforced epoxy composites. The 
composite material plates were fabricated in the laboratoiy 
using chopped strand mate of glass fibres and different 
grades of epoxy resins. Tlie fracture toughness tests have 
been performed on the testing system, fabricated and ins- 
trumented in the laboratory. The details concerning 
material preparation and the testing system are given in 
Chapter 2. The material and tests parameters studied 
include the initial crack length, fibre concentration, 
specimen thickness and width, test temperature and matrix 
material. Most of the fracture toughness tests have been 
performed in the crack extension mode (Mode I) using 
notched tension specimens. Since the practical structures 
are subjected to tensile as well as shear loads and the 
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fact that fibrous composites generally have a low shear 
strength, the fracture toughness tests have been performed 
in shear modes (Modes II and III ) as well’. The fixtures 
used for performing tests in Mode II and Mode III are also 
discussed in Chapter 2. The results of fracture toughness 
tests in Mode I have been discussed in Chapter 3 and those 
in Modes II and III in Chapter h. Important conclusions 
and some suggestions for future work are described in 
Chapter 



CHAPTER 2 


TESTING SYSTEM AND MATERIALS PREPARATION 

2.1 TESTING SYSTEM 

The fracture toughness tests were performed on a 
testing system designed, fabricated and instrumented in 
the laboratory. The testing system is essentially a ten- 
sion testing machine. The Mode I tests were all performed 
in tension. For fracture toughness tests in Mode II and 
Mode III additional fixtures were designed so ihat the 
desired shear loads would be applied through the same 
testing system. The only reason behind the decision to have 
a separate testing system in the laboratory rather to use 
a commercial testing system available elsewhere in the 
Institute was the desired to have an uninterrupted access 
to the testing system. 

2.1*1 Basic Testing System 

The basic testing system is schematically shown 
in Fig. 1. In this system the specimen is mounted between 
two 25 Him thick mild steel plates. The lower plate is 
fixed and is bolted to three 50 mu diameter 600 mm long 
solid mild steel columns whose lower ends are fixed to 
the heavy cast iron base of the testing system. The upper 
plate is connected to another identical plate through 
three 50 mm diameter and 500 mm long solid mild steel 
coluims* This assembly of two plates is movable and its 




FIG. I SCI-IE MATIC DIAGRAM O'F TESTIN&^S 
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movement is guided by the fixed columns, that supports the 
Xo\jer plate. These fixed columns pass through the lower 
plate of the movable assembly. The assembly is moved by 
a hand operated hydraulic jack. The applied load is 
measured by a 20 KN Instron load cell connected in series 
with the jack and resting on the base of the machine. A 
photograph of the machine along with the measuring instru- 
ments is shown in Fig. 2, 

2.1,2 Clamps For Mode I 

The tension tests (required for fracture tough- 
ness testing for Mode I ) are performed by placing the 
central longitudinal axis of the specimen along the load 
axis of the testing system. The specimen ends are giipped 
in the wedge type serrated jaws which can move in the body 
of the clamp for self tightening during application of 
loads. The clamps are mounted on the mild steel plates of 
the testing system. Schematic diagram of a clamp is shown 
in Fig. 3* The self tightening occurs due to the taper 
provided in the clamp body and the jaws. Movement of the 
jaws is controlled by a screw passing through the body of 
clamp and connected to the back of jaws through a simple 
mechanism. This simple arrangement helps to provide 
initial grip to the specimen to hold it in position and 
also to release the specimen after the test. Figure V 
shows a photograph of the clamps. 
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FIG. 4 PHOTOGRAPHS OF CLAMPS 
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2.1.3 Fixture for Mode II Loading 

In the forward shear mode (Mode II) fracture 
toughness tests, it is desired to apply equal and opposite 
loads parallel to the plane of the crack. In practice, it 
is desired to obtain the loading condition of the specimen 
as shown in Fig. 5* The specimen is gripped on the edge 
over a small area near the mouth of the crack (the shaded 
area in Fig, 5). The large gripping area will give rise to 
an undesired bending moment on the specimen and too small 
an area will cause crushing of the specimen. One of the 
two identical parts of the fixture used for loading in 
Mode II is shown in schematically in Fig, 6. Photograph 
of the fixture is shown in Fig. 7. Two aluminium strips, 
one of each of the two parts are bonded to the fixture. 

The clip gauge described later is slipped on these strips 
to measure the differential movement of the two parts which 
is taken to be relative lip displacement of the crack. 

2.1 .4- Fixture for Mode III Loading 

The fracture toughness tests in Mode III (anti- 
plane shear mode) require that equal and opposite forces 
be applied on the specimen edge parallel to the crack 
front (perpendicular to the plane of the thin specimen). 

The loading condition on the specimen is represented in 
Fig. 8. It has been observed that the extent of gripping 
area does not have much influence on the loading condition* 
However, the gripping area is kept small so that load is 








FIG.8 LOADING CONDITION OF SPECIMEN 
IN MODE m 





22 


as close as possible to the crack mouth. One of the two 
identical parts of the (fixture used for loading in 
Mode III is shown in schematically in Fig. 9. Photograph 
of the fixture is shown in Fig, 10. Two aluminium strips, 
one oil each of the two parts are bonded to the fixture. 

The clip gauge described later is slipped on these strips 
to measure the differential movement of the two parts which 
is taken to be the out-of-plane deflection of the crack 
lips. 


2.1.5 Crack-opening Displacement Gauge (Clip Gauge) 

The crack mouth opening displacement is measured 
using a clip gauge schematically shown in Fig. 11. The 
gauge consists of two 1 .2 mm thick and 63 mm long strips 
of high speed steel. Ike strips were actually cut from a 
hacksaw blade made of high speed steel. The strips are 
clamped 6 mm apart at one end through an aluminium spacer. 
Four electrical resistance strain gauges (120 ) were 

bonded on the two strips near the clamped end. Output of 
the strain gauges is calibrated to give displacement at 
the free end or mouth of the clip gauge. The free end is 
slipped on the strips bonded to the specimen for measuring 
crack opening displacement as will be described later. 

2.1.6 Heating and Cooling Jackets 

Besides room temperature (25.5 °C) tests, the 
tests have been carried out at temperatures - 1,1, V3,3 
and 60 °C (30, 110 and l40 ^ respectively). To obtain 
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FIG. 10 PHOTOGRAPHS OF FIXTURE FOR 
TESTS IN MODE m 
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different test temperatures, two cylindrical jackets, one 
heating and one cooling were fahricated. The internal 
dimensions of both the jackets are such that the jackets 
can be slipped from the top of the testing system and will 
completely enclose the area between the mild steel plates 
which support the top and bottom clamps. Thus a temperature 
controlled test chamber is formed.. 

The heating jacket is made of a 3 nmi thick copper 
sheet rolled to a circular cylinder and brazed at the seam. 
An electrical heating element of 1000 V7 is placed on the 
outer surface of the cylinder. A 20 mm thick glass wool 
insulation is provided on the heating element to minimize 
the heat loss to the outside atmosphere. The rate of heat- 
ing is controlled by controlling the electrical current in 
the heating element. To attain the required test tempera- 
ture, the maximum current is first passed through the 
heating element so that rapid heating of the chamber takes 
place. When the thermometer shows the chamber temperature 
about 10 °C lower than the required temperature, the power 
input to the heating element is reduced to a nominal value. 
The experience has shown that the steady state is attained 
in about 4-5 minutes. A minor adjustment is sometimes 
needed to attain the exact test temperature. It is found 
that the chamber temperature can thus be maintained to a 
nearly constant values for a sufficient length of time to 
complete the test. The tests at 43.3 and 60 °C have been 
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conducted using the heating jacket. A thermometer is 
inserted in the chamber through a hole in the top plate of 
the machine and it indicates the test temperature on a 
circular dial outside the chamber. The sensing element 
of the thermometer is placed in close vicinity (about 6 mm) 
of the specimen. 

The cooling jacket is essentially an annular 
jacket made of thin (0.5 mm thick) galvanized iron sheet. 
The annular space is about 60 mm wide and is filled with 
ice mixed with 5/^ common salt. In this manner the required 
temperature of -1.1 °C (30 °F) is obtained in the test 
chamber in about 20 minutes. The chamber temperature could 
be easily maintained at -1 i1 °C for sufficiently long time 
to conduct the test. The heat loss through the outside 
surface is minimized by providing a layer of insulation. 
Figure 12 shows the photograph# of heating and cooling 
j ackets . 


2.1.7 Calibration of Load Cell and Clip Gauge Output 

The output of the amplifier connected to load 
cell employed in the testing system was calibrated by 
perfoiming a tension test on a calibrated mild steel ten- 
sion specimen. A 5*5 nim (width 22.5) thick mild steel 
tension specimen was first calibrated through a tension 
test on Instron. The specimen strain was measured by the 
electrical resistance strain gauge bonded to the specimen. 
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The load on the specimen was measured through the load cell 
which w^s calibrated by standard weights before starting 
the tension test. The specimen was loaded up to a maximum str- 
ess of 96,88 MPa which is well within the elastic limit of 
the material. The record of load as a function of strain 
during this tension test should a linear variation. This 
calibrated tension specimen was used to perform a tension 
test on the testing system used for the present investiga- 
tions, Output of the amplifier connected to the load cell 
was related to the load on the sample thixDugh the measured 
strain and the load strain record during the tension test 
in the Instron. The amplification factor of the amplifier 
was so adjusted that the f\ill scale reading (100 division 
corresponds to 1000 Kg). A plot of amplfier output against 
the measured strain in Fig. 13 shows a linear relationship 
between the two. The elastic modulus calculated from the 
test was found to be 204,4 GPa* 

The amplifier recording the output of the clip 
gauge was calibrated by subjecting the clip gauge to known 
opening. The displacement to the clip gauge was applied 
at 4*5 mm from the free end because for the measurement 
of COD during the fracture toughness tests the clip gauge 
is slipped by the same distance on the strips bonded to 
the specimens for this purpose. The displacement was 
applied and measured by a vernier calipper having a least 
count of 0.02 mm. While applying the displacement suffi- 
cient care was exercised to see that the point of 
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deflection on the clip gauge does not shift. The amplifier 
output plotted against cli-^ gauge opening in Fig. 1^ shows 
a linear variation. Each amplifier division corresponds 
to 0.029 mm of clip gauge opening. 

2.2 MATERIAL PREPARATION 

The present investigations have "been performed 
on short-glass-fihre-mat reinforced epoxy composites. The 
composite material plates were fabricated in the laboratoiy 
using chopped strand mat of glass fibres having a weight 
of 0.6 Kg/m and an average fibre length of 50 mm. The 
matrix material was generally an epoxy which is commer- 
cially designated LY 553 and is recommended for structural 
applications . However, tests have also been performed on 
some o tiler grades of epoxy. 

Composite material plates were cast between two 
20 mm thick mild steel mould plates lined with mylar 
sheets, and separated by brass washers which control the 
thickness of the plate being cast. Chopped strand mat was 
first cut into pieces of required size. The pieces were 
placed on the lower mould plate one by one. A small amount 
of the resin, mixed with the hardener, was spread on the 
lower mould plate and on the top of each mat piece. The 
resin was spread on the mat piece by rubber roller to 
further enhance impregnation. The plates were cured at 
room temperature for nearly 10 days before specimens were 
cut and tested* 
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Voltune fraction of fibres was varied by placing 
different number of layers in the plate of equal thickness. 
The volume fractions were 20^, 28^, 36^ and 52 % as esta- 
blished through burn out tests on small samples from 
different plates. Plates with five different thicknesses 
(i.e. 1 .35j 2.0, 2.5} 3.^ and 3*8 mm) were cast by keeping 
the fibre volume fraction fixed at 36^^. 

For purpose of characterization of matrix mate- 
rial some plates of different matrix material were cast in 
a closed mould. 

Rectangular specimens were cut by a diamond 
impregnated wheel cooled by running water. Most of the 
tests in Mode I were conducted on 25*^ mm wide and 160 mm 
long single-edge-notched (SEN ) tension specimens ffhown 
in Fig. l5. The influence of specimen width on the frac- 
ture properties was investigated through tests on additional 
specimens having widths 19, 30 and 38 mm. In each case the 
length between the grips was atleast 3 times the specimen 
width. The specimens for tests in Mode II and Mode III 
are also single notched specimen with the dimensions shown 
in Fig. 16. 

The cracks in the specimens tested in Mode I 
were machined to different lengths using a 0,2 mm thick 
cutter. To measure the crack opening displacement (COR), 
two small strips of composite material (scrap) were 
bonded to the speciijen close to the top and bottom edges 
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of the crack. During honding a piece of n^^iar sheet wq,s 
placed in the crack to avoid entry of the adhesive in the 
crack. The clip gauge described earlier was slipped on 
these strips for measuring the crack opening displacement. 

The specimens tested in Mode II and Mode III 
require deeper crack to be machined because part of the 
specimen containing crack is clamped. Therefore, the 
cutter which was used to machine the cracks in the speci- 
mens tested in Mode I could not be used for Modes II and 
III specimens and a larger diameter cutter have to be used. 
The cracks were machined to require lengtti using a O .3 mm 
thick milling cutter and the crack tip (about 0.5 mm) was 
finished manually using a 0.1 5 mm thick razor blade (saw 
teeth cut on blade). The crack opening displacement in 
Mode II and Mode III are determined -from the differential 
movement of the two parts of the respective fixtures in 
each case and no other arrangement need bo made on the 
specimen. 



CHAPTER 3 


RESULTS MD DISCUSSION ON TESTS 
IN MODE I 

3.1 MATERIAL AND TEST VARIABLES 

The fracture toughness tests in Mode I are perfor- 
med using a single edged notched (SEN) tension specimens as 
descrihed in Chapter 2 and shown in Fig. 15» The specimen 
length is selected such that the length between grips is 
always at least 3 times the specimen width. The reinforce- 
ment is always short E - glass fibre mat and the matrix 
material LY 553 except for the specimens which are tested 
to study the influence of matrix material on the fracture 
toughness. The influence of following material and test 
parameters has been studied: 

i. Initial Crack Length (a^): 

Keeping the specimen width constant at 25.^ mm 
the initial crack length has been varied between 3 and 12 mm. 
For a fibre volume fraction of 36 percent specimens with 
eight different crack lengths namely, 3, 5» 6, 7, 8, 10 

and 12 mm have been tested, whereas for the remaining volume 
fractions, crack lengths are 6, 8, 10 and 12 mm. 

ii. Fibre Volume Fraction (V^): 

Specimens with four different fibre volume frac- 
tions, namely 20, 28 , 36 and 52 percent have been tested. 



38 


The initial crack lengths have been indicated in point i, 

iii. Specimen Thickness (t): 

Keeping the fibre volume fraction at 36 percent, 
five different specimen thickness namely 1.35, 2.0, 2.5, 3.^ 
and 3.8 mm have been used. The crack length for different 
thickness is kept constant at 6 mm. 

iv. Specimen Width (W); 

Keeping the fibre volume fraction at 36 percent 
the 4 different specimen width namely 19, 25.^, 30 and 38 mm 
have been used. The initial crac]c length has been changed to 
keep the ratio of initial crack length to specimen width 
(a^/W) a constant at O. 315 . 

V. Test Temperature (T); 

Besides tests at room temperature, 25.5 °C ( 78 ° F), 
the fracture toughness tests have also been performed at 
-1.1, 43.3 and 60 °c (30, 110 and 14-0 °F respectively). The 
fibre volume fraction is 36 percent and initial crack 
lengths 4-, 6, 8 and 10 mm. 

Vi. Matrix Material; 

Three diffeicnt grades of epoxy resins namely 
Lf 553, Ly 556 and CZ 230 have been used. In addition the 
tests have been performed on specimens in which the matrix 
material has been modified by addition of dibutyl - 
phathalate by different percentages, namely 1.5, and 
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5 percent. The fibre volume fraction is 36 percent for the 
LX 556 matrix and 52 percent for CX 230 and for CX 230 
modified by dibutyl - phathalate. VJith LX 553 as the matrix 
the results are available for four different fibre volume 
fraction as already indicated* With LX 556 as the matrix 
material the tests have been performed at room temperature 

25.5 °C. 

Four to five specimens have been tested with all 
the parameters constant* Thus the results described in 
this chapter are derived f rom tests on a total of about 350 
specimens. 


3*2 PROCEDURE MD INFLUENCE 

OF CRACK LENGTH 

The notched tension specimens have been tested in 
the testing system described in Chapter 2. In each test the 
crack mouth opening displacement has been recorded at 
increasing load. The load displacement records have been 
analysed in accordance with the procedures recommended in 
ASTM-E 399 - 71 * The stress intensity factor Kj is calculated 
by using the following relation 




P a 
t W 


1/2 


( 1 ) 


where X = Calibration factor and is given as follows: 
X = 1.99 - 0.41 (aA) + 18.70 (a/W)^ 

- 38.4oCa/W)^ + 53.85 (a/W)^ 
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P = applied load 
a = crack length 
W = specimen width 
t = specimen thickness 

The load versus crack mouth opening displacement 
(cod) curves for the composite with fihre volume fraction 
of 36 percent are shown in Fig. 17 for different crack 
lengths. Five specimen were tested at each initial crack 
length and the load versus COD cuives plotted. In each 
case a typical curve, generally lying in the middle of the 
curves for five specimens, has heen selected and shown in 
Fig. 17. The load versus COD curves are initially linear 
but deviate progressively from linearity as the damage at 
the crack tip progresses. The nonlinear nature of the cuives 
in Fig. 17 suggests that a considerable amount of damage 
occurs at the crack tip prior to the final unstable fracture . 
Progress of the damage ahead of the crack tip is illustrated 
in Fig. 18 through photograi±is of a specimen subjected to 
different loads. The damage occurs due to debonding of the 
fibres from the matrix and the matrix cracking. There is a 
damage zone ahead of the crack tip analogous to the plastic 
zone in metallic materials. The crack tip damage is neither 
colinear nor coplaner with the original crack. Although 
there are a number of microcracks in the damage zone, and 
their number increases mth the growth of damage zone, the 
progress of damage zone is not a crack extension in the 
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conventional sense. However, the crack tip damage does 
increase the compliance of the specimen as a crack extension 
does in metallic materials . 

For the purpose of analysis the damage growth at 
the crack tip can he modelled as a self similar crack exten- 
sion through compliance matching as suggested hy Gaggttr and 
Broutman [^24-j for short fibrous composites and also used by 
Morris and Hahn [15j for graphite/ epoxy laminates. In this 
method a crack length estimation curve is first obtained. 

The crack length estimation curve is a compliance curve based 
on COD and is obtained from the load versus COD curves. The 
compliance is calculated from the initial linear portion of 

the load versus COD curves and plotted against the corres- 

a 

ponding initial crack length (or ). The crack length 
estimation curve for = 3 ^% is shown in Fig. 19 . To 

estimate the effective instantaneous crack length during a 
fracture toughness test, the instantaneous compliance (based 
on cod) is calculated from load versus COD graph. The method 
of obtaining the compliance is illustrated in Fig. 20. In 
this procedure a straight line is drawn from the origin to a 
point on the load COD curve and the compliance is taken to 
be the reciprocal of the slope of this line. Corresponding 
to this compliance, the effective crack length is obtained 
from the crack length estimation curve (Fig. 19). Corres- 
ponding to the load at which the compliance is obtained, 
the stress intensity factor is obtained using Eq. (I) in 
which 'a* is taken as the effective crack length. This 
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value of stress intensity factor is called the instantaneous 
crack growth resistance and denoted hy The values are 

obtained for increasing load upto fracture. The plot of 
against effective crack length is the crack growth resistance 
curve (R - curve ) . 

The R-curves for different initial crack length 
are shown in Fig. 21. It may he mentioned that although the 
load COD curves are obtained for the initial crack lengths 
upto 12 mm, the R - curves can be obtained only upto the 
initial crack length of 8 mm. For an initial crack length 
of more than 8 mm, the effective crack length during loading 
becomes larger than 12 mm and thus, cannot be estimated from 
the crack length estimation curve. 

From the design point of view it is necessary to 
know the point of instability, that is, the point where 
crack propogates in an unstable manner. The point of 
instability is established by plotting the stress intensity 
factor against the crack length for different values of 
constant loud, on the same graph in which the resistance 
curves are plotted. The values of constant load are chosen 
(usually near the fracture load) such that one of the Kj 
curves is tangent to the R - curve# The point of tangency 
defines the point of instability and the value of at this 
point is instability* method is illustrated in 

Fig. 22 for an initial crack length of 4 The %(j_ns) 

is plotted against initial crack length in Fig. 23* This 
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Qq = 8 mm 


FIG. 24 PHOTOGRAPHS OF FRACTURE 
SPECIMENS SHOWING DAMAGE 
ZONE AHEAD OF CRACK TIP AT 
INITIAL CRACK' LENGTHS OF 4 
AND 8 mm 
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FIG. 26 VARtATlQISI OF . CANDIDATE STRESS 
IN TE N S I T Y , ' FACTO R . WITHIN I T J A L 
: CRACK LENOTH : : 



5 ^ 

The Kq increases with crack length as %/as observed by Gaggar 
and Broutman ^ 26 } for epoxy rjid polyester composites. 

The procedures adopted for fracture toughness test 
and the data analysis have been illustrated in this section. 
The same procedures have been adopted for studying influence 
of different variables on fracture properties as will be 
discussed in the following paragraphs. 

3.3 EFFECT OF FIBRE VOLUME FBACTION 

In addition to the tests on specimens with a fibre 
volume fraction of 36^, the tests have been conducted for 
three other V^, namely 20, 28 and ^ 2 %. Elastic modulus, 
shear modulus, Poisson's ratio, ultimate tensile strength and 
ultimate elongation of the composites are given in Table 1 . 

The load versus COD curves, crack lengths estimation curves 
and curves were obtained in a manner illustrated earlier 
for V^ = 36 percent. The load versus COD curves for different 
V^ are shown in Figs. 27 to 29 and the crack length estimation 
curves in Fig. 30« As the fibre volume fraction increases 
from 20 to 36 percent the compliance for equal initial crack 
length decreases because the material becomes stiffer with 
increase in fibre concentration. The curves for different 
V^ shown in Figs. 31 ~ 33 and similar in nature to the 
curves for V^ = 36 percent shown in Fig. 2.1. 
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TABLE 1 : Average Room Temperature Properties of 

Composite Material (Matrix: LY 553) 


Percent 

^ l^astic 

5 Modulus 

I CPa 

5 Shear 

I Modulus 
iS G 

0 GPa 
ii 

1 

5 Poisson' 
5 Ratio 

5 

I 

's^ Ultimate percentage 
Tensile (5 Elongation 
^Composite 1 

1 5 

MPa 1 

20 

7.55 

2,93 

0.287 

113.95 

2.1 

28 

10.30 

4.09 

0.260 

134.37 

1 .76 

36 

12.75 

5.12 

0.245 

190. 60 

1 .64 

52 

17.16 

6.92 

0.240 

208.52 

2.2 
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The stress intensity factors at instability, 
^R(ins)’ given in Table 2 and plotted in Fig. against 

initial crack length for different fibre volume fractions. 

It is observed that, for each fibre volume fraction, the 
^R(ins) i^^^®ases with an increase in initial crack length. 
This confirms the earlier observation that the K,,,. x does 
depend upon Idle initial crack length. For = 20^ the 
increase in ) is small compared to that at = 28% 

and 38%. This is because at = 2C% there is a limited 
availability of the fibres for debonding which is primarily 
responsible for the energy absorbed (fracture toughness) in 
the composite material . Therefore, initial crack length 
influences the amount of debonding to a smaller extent. The 
is plotted against for different initial crack 
lengths in Fig. 35- The first increases with 

and then shows a slight drop as Y^ changes from 36% to ^2%. 
This drop in fracture toughness is due to tiie fact that the 
composite is very stiff at fibre volume fraction of ^2% and 
consoquontly GOD is small. Another reason may be that at 
= 52 .% the quality of the composite may not be as good as 
that at lower fibre volume fraction. 

The variation of candidate stress intensity factor 
Kq with fibre volume fraction is shown in Fig. 36 for diffe- 
rent crack lengths. The dandidate stress Intensity factor 
increases with fibre volume fraction as should be expected. 



TJffiLE 2 : Stress Intensity Factors at Instability, 

(Mode I, Matrix: LY 55'3j Room Temperature) 


Initial 2 
Crack i) 
Length 2 
. a , (mm) fl — 
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^R(ins)» ^GPa/mm ) 
Vr. (Percent) 

1 7 ! 


0.716 


0.441 


0.539 


0.765 


0.755 


■ 0.804 


0.451 
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0.853 


0.922 


0.892 
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0.931 
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Whitney and Nuismer r93^a-ve proposed two criteria 
to predict notched strength of the composite laminate. For 
sharp cracks both the criteria are independent of material 
properties. The point stress criterion predicts the notched 
strength as 

where CTJI]- = notched strength 

= unnotched strength 
^"0 

P-| = - — »■ a being the initial crack 
o o 

length and d^ the characteristic 
distance. 


The average stress criterion predicts the notched strength 
as 


-il 



1 -* P 2 

1 + P2 


( 4 ) 


where p 2 


rnr 1 c being another characteristic 

+ c^’ o 

distance . 


In their original paper Whitney and Nuismer l 9J 
proposed the characteristic lengths d^ = 0,04 inch and 
c^ = 0.15 inch. The present results have also been compared 
with the Whitney ~ Nuismer criteria in Fig, 37 * The charac- 
teristic distance shave been rounded off to d^ = 1 mm and 

c = 4 mm. The results for different fibre volume fractions 
o 

have been plotted on the same graph. The results show a 
reasonable agreement with both of the V/hitney Nuismer criteria. 



POINT STRESS CRITERION 
■ (do=1 mm) 
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3.4 EFFECT OF SPECIMEN THICKNESS 

The load Tersus COD curves for specimens with 
different thickness are shown in Fig. 38 . Ihe volume fraction 
for all specimens is 36,^ and the initial crack length is 
6 mm ( y— = 0 , 236 ). Initial slope of the load versus COD 
curve increases as the specimen thickness increases. How- 
ever, if the load per unit thickness (load divided hy thick- 
ness ) is plotted against COD, the initial portion of all the 
load versus COD curves >n.ll generally overlap. The COD at 
fracture sho^m in Fig. 39 increases as the specimen thick- 
ness increases, which indicates that the energy ahsorhed 
(fracture toughness ) of the short fibre composites increases 
as the thickness increases. In metals, the effect of thick- 
ness on fracture toughness is just the opposite, because 
an increase in thickness causes the failure to change from 
plane stress mode to plane strain mode and consequently 
resulting in the lower fracture toughness. In the short 
fibre composites, the primary mechanisms of energy absorption 
are fibre debonding and pull out. As the thickness increases, 
in addition to the two primary mechanisms of energy absorbed, 
the interaction between fibres (particularly the different 
layers of fibre mat) also increases, thereby increasing 
the fracture toughness. However, the influence of this 
interaction is not very pronounced. The variation of the 
candidate stress intensity factor, Kq, with specimen thick- 
ness is shown in Fig. 40. The Kq also shows a slight increase 
with increasing specimen thickness. 
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3.5 EFFECT OF SPECIMEN WIDTH 

The effect of specimen width on fracture properties 
has heen studied by conducting tests on specimens with four 
different widths (19, 25*^, 30 and 38 mm). In each case, 
the ratio of initial crack length to specimen width was kept 
at 0.315 ahd at 36Jo. The specimen length was also increa- 
sed so tliat the length between the grips is at least three 
times the specimen width. The variation of notched strength 
with width is sliown in Fig, 4-t. The notched strength decrea- 
ses as the specimen width increases. The decrease in notched 

a 

strength occurs because the ratio being constant the initial 
crack length is increasing with increase in width. 

The experimental notched strength is in agreement 
with the prediction of Whitney - Wuismer point stress crite- 
rion (Eq. 3)« The load versus COD curves for different 
width are similar to the ones shown in Fig. 17 and are not 
being presented. The candidate stress intensity factor is 
plotted against width in Fig. ^2. The Kq also decreases as 
the specimen width increases. 

3.6 EFFECT OF TEST TEE4PERATUHE 

The load versus crack mouth opening displacement 
(COD) curves are shown in Figs. 43 - 45 for different tempe- 
ratures and crack lengths. The corresponding curves for 
room temperature tests have been presented and discussed in 
the preceding sections. Although the general nature of the 
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curves i s same at different temperatures, their initial slope, 
the load at fracture (notched strength) and COD at fracture 
are different for a constant initial crack length. The crack 
length estimation curves which are obtained from the com- 
pliance based on the COD, are shown in Fig. 46 for different 
temperatures. The crack length estimation curves become 
higher as the temperature increases because the material 
becomes softer. These curves have been later used to obtain 
the effective crack length required to plot the resistance 
curve (H - curves). The compliance (based on COD) is plotted' 
against temperature in Fig* 47 for different initial crack 
lengths. The compliance increases as the temperature increa- 
ses. It is observed that, for a small initial crack length, 
the increase in compliance in the entire range of temperature 
is small. As the initial crack length increases the increase 
in compliance becomes significantly greater as shown in 
Fig, 48, For a constant temperature the initial compliance 
(with no damage ahead of the crack tip) should be expected to 
increase \ri.th increase in crack length for geometrical 
reasons. As the crack length increases, the crack mouth 
opening displacement and hence the compliance increases non- 
linearly. As the temperature increases the plastic matrix 
becomes soft and the effect of initial crack length becomes 
pronounced. 

The CCiD at fracture has been plotted against 
temperature for different crack lengths in Fig. 49. The 
COD at fracture increase as the test temperature increases 






N X Id 









as would be expected. Like compliance, the COD at fracture 
also shows a greater change with initial crack length at 
higher temperature (60 °C) than at lower temperature, llso 
the increase in COD at fracture for an initial crack length 
of 10 mm is larger than that for a 4- mm crack. 


The crack growth resistance curves (R - curves) 
at different temperatures are shown in Figs. 50 - 52. The 
room temperature R - CMIves have been presented earlier. 

The stress intensity factors at instability, 
given in Table 3 and plotted against initial crack length 
in Fig. 53 for different temperatureg , At temperatures - 
-1.1 and 25.5 °C, the increases with increase in 

initial crack length, whereas at temperatures 4-3.3 and 60 °C, 
the Kj^(j_ng) i-s practically independent of initial crack 
length. This difference can be attributed to different 
mechanisms causing failure. It has been observed during the 
tests that at - 1.1 and 25.5 °C the failure occurs by growth 
of damage ahead of the crack tip symmetric about the plane 
of initial crack. However, overall fracture is not a low 
energy absorbing brittle fracture because the energy is 
absorbed in fibre pullout and debonding. The increase in 
^R(ins) increased debonding at larger initial 

crack lengths. At temperature 60 the damage occurs at 
approximately 4-5° to the load axis as shown in Fig. 54-. 

Thus the overall fracture is a ductile fracture and insen- 
sitive to the initial crack lengths. This fact will be 
further discussed thTOu^ the influence of crack length on 
notched strength at different temperatures. 
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TABLE 3 i Stress Intensity Factors at Instability 


Initial 
Crack 
Length 
a , (mm) 

0 

5 

A 


^R(ins )’ 

( .GPa / mm) 


Q 

0 

5 


Tempe nature , 

(°C) 


5 — 
5 

-1 .1 

“1^.5 

5 h n o f 

i ^3.3 j 

60 

If 


0,608 

0.76^ 

0.695 

0.588 

6 


0.706 

0.8^3 

0.706 

0.618 

8 


0.706 

0.93'J 

0.735 

0.618 



(GPa N/7nm) 


0.6 



INITIAL CRACK EEN(|?M,ao (mm) 


•F ; VAR (AB© ■ "K 




cKACK:teN||t§.| 





T =60”C 
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The Kj^(j_ns) plotted against temperature for 
different crack lengths in Fig, 95« This shows that ini- 
tially the fracture toughness of the material increases as 
the temperature increases. However, as the temperature is 
increased beyond the room temperature the fracture toughness 
again decreases because of the deterioration of the matrix. 
The crack growth resistance has been plotted against 
effective crack extension (Aa = a-aQ)in Figs. 56 - 58 
for different temperatures* They also do not indicate if 
the crack growth resistance is independent of initial crack 
length. 


The resistance to fracture of the composite 
material can be better understood through the crack toughness 
performance in terms of / Cf~Q where is the 

un- notched strength. This ratio is a measure related to 
critical flow size. The larger this ratio is, the better the 
resistance to fracture. The ratio / CT'o plotted 

as a function of test temperature for different initial 
crack lengths in Fig. 59 • The resistance to fracture increa- 
ses as the test temperature increases. It is also observed 
that the crack toughness performance parameter ^ 
is less sensitive to initial crack lengths than the 
is. 


The normalised notched strength is plotted against 
initial crack length in Fig, 60 for different temperatures. 
The normalised notched strength curves become higher as the 





(GPa N/mm) 
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temperature increases indicating that the notched sensitivity 
of the composite is considerably reduced at elevated tempera- 
tures. Also sho\im in the Fig. 60 is a theoretical notched 
strength cuive representing point stress criterion proposed 
by Whitney - Nuismer Qs, ol . The theoretical normalised 
notched strength is i ndependent of temperature. It is 
observed that at room temperature and at - 1.1 °C the 
theoretical predictions agree reasonably well with the 
experimental results. However, as the notch sensitivity of 
the composite decreases at elevated temperature, the experi- 
mental notched strengths are significantly higher than the 
theoretically predicted. This indicates that the criteria 
such as those of Whitney - Nuismer fs, 9 j predicting notched 
strength of the composite should be applied with caution. 

They may be applied only when the material is notch sensitive. 

3.7 EFFECT OF MATRIX 

The effect of matrix properties on fracture tough- 
ness has been studied through tests on the composites 
prepared by using different grades of epoxy as matrix material. 
The different epoxies used are Araldite LY 553, LY 556 and 
GY 230 . In addition, GY 230 has been modified by adding 
1 . 5 , 2.5 and 5.0 percent dibutyl-phathalate, which reduces 
the -viscosity of uncured matrix material. The stress strain 
curves for different matrix material and composites are 
shown in Figs. 61, 62 and 63 , average tensile properties 
given in Table 4-. The Araldite LY 556 is very viscous at 
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room temperature compared to other grades of epoxies so 
that the composite with this matrix material could he pre- 
pared with fibre -volume fraction of only 36 percent. With 
other grades of epoxy it was practical to prepare composites 
having fibre volume fraction of 52 percent. 

The load versus COD curves of composites made 
from different matrix material are shown in Figs. 64- - 68. 

The general nature of load versus COD curves is same for all 
the composites with different matrix material. The crack 
length estimation curves for the composites with CY 230 and 
modified Cl 230 as matrix material are shown in Fig. 69 and 
that for the composite with LY 556 as the matrix is shown 
in Fig. 70. It is observed that the crack length estimation 
curves for the composite with CY 230 as the matrix material 
are not significantly influenced by the addition of dibutyl - 
phathalate in the matrix. 

The R - curves for composites with different matrix 
material are shown in Figs. 71 - 75* The crack growth 
resistance, for the composites with different matrix 
material are plotted against crack extension in Figs. 76 - 80. 
It is observed that the crack growth resistance for the 
composite v/ith the LY 556 as the matrix material is indepen- 
dent of the initial crack length (Fig. 76), whereas that 
for the composites with CY 230 and modified CY 230 as 
matrix material depends upon the initial crack length 
(Figs. 77 - 80). The difference in behaviour can be attri- 
buted to the fact that LY 556 is comparatively stiff and 
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brittle material as indicated in Table ^ and Fig. 61. The 
behaviour of composites with CY 230 and modified CY 230 as 
the matrix material is closer to the behaviour of the compo- 
sites with LY 553 as the matrix in wliich the crack growth 
resistance does depend upon the initial crack length as has 
been discussed in Section 3*2. 


The stress intensity factor at instability, 
for composites with LY 553 and LY 550 as the matrix materials 
are given in Table 5 and plotted in Fig. 8l . For both com- 
posites ) increases with initial crack length, although 

the value of and also its increase with the initial 

crack length are smaller for the composites x^rith LY 556 as 
the matrix material compared to the corresponding values 
for the composites with LY 553 as the matrix material. 

The stress intensity factor at instability, feu* 

composites LY 553 and CY 230 as the matrix materials 
(Vp = 52 percent) are given in Table 6 and plotted in 
Fig. 82. For these composites also the increases 

with increasing crack length. For the composites with 
CY 230 as the matrix material the increase appears to be 
quite sharp. 


The stress intensity factor at instability, 

^R(ins)’ plotted against elastic modulus of the matrix 
and composite in Figs. 83 and 84-. It is observed that 
the hipest value of is obtained for the composite 

having CY 230 -f 1,5 percent dibutyl-phathalate as the 
matrix material. The composites having CY 230 as the matrix 
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TABLE 5 : Stress Intensity Factor at Instability, 

Kj^(ins) <^Mode I, = 36^, Matrix, LY 553, 
LY 556) 


1 


Initial S 
Crack 5 

KH(lns) ’ < 

mm ) 

Length 9 

a « (ram) 0 

Matrix 


0» jj 

5 

LY 553 1 

LY 556 

3 

0.716 

0.510 

if 

0.765 

0.529 

5 

0.80i4- 

0.559 

6 

0.853 

0.588 

7 

0.892 

-- 

8 

0.931 
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TABLE 6 : Stress Intensity Factors at Instabili-ty, 

%(ins) Matrix: LY 553, 

CY 230 and Modified GY 230). 


Initial 

Crack 

1 

5 

5 


^R(ins) 

, •( GPa '/mm 

) 


Length 
a , (mm) 

i 


Matrix 




1 







1 LY- 553 

1! 
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5 

5 

CY 230 

I CY 230 + I CY 230 + I CY 230 + 
5 DBP*(i . 5 ^) 5 dbp*(2.5^) J) 

5 5 D 
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0.755 


0.833 

0.981 

0.882 

0.833 
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notched strength as predicted by Whitney - Nnismer point 
stress criterion (Eq. 3). It is observed that for the compo 
site having LY 553 as the mabrix, theoretical values of 
notched strength are in good agreement. However, for the 
composites having CY 230 and modified as matrix material the 
experimental notched strength is greater than theoretically 
predicted. The reduced notched sensitivity of the latter 
composites can be attiibuted to the fact that the matrix 
material in them are more ductile and have a lower elastic 
modulus (Table ^). 



CHAPTER h 


RESULTS AND DISCUSSION ON TESTS IN MODE II 

AND MODE III 


If.1 INTRODUCTION 

Fracture toughness tests in shear modes (Mode II 
and Mode III) are not important for homogeneous and isotro- 
pic materials such as metals, because in such materials the 
loading condition associated with the extension mode of 
crack propogation is most critical. However, this may not 
be so for fibrous composites which are generally weak in 
shear. It was therefore decided to investigate the fracture 
toughness of short fibre composites in forward shear (Mode 
II ) and anti-plane shear (Mode III ) in addition to that in 
extension mode (Mode I), The testing system and special 
loading fixtures used for the tests in Mode II and Mode III 
have been described in Chapter 2. The results and discu- 
ssion on tests in Mode II and Mode III are described in 
this chapter. 


If. 2 CALIBRATION FACTOR FOR MODE II 


Consider the single edge notched specimen shown 
in Fig. 88 loaded to produce forward shear at the crack 
tip. The Mode II stress intensity factor at the crack tip 
can be written in the form 




X ta 


( 5 ) 
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I, 


FIG.88 LOADING CONDITION OF SPECIMEN 
IN MODE I 




136 


where X 

S 

t 

W 

a 


Mode II calibration factor, 

s 

= nominal shear stress, 
applied shear force, 
specimen thickness, 
specimen width, 
crack length. 


The calibration factor, X, is incorporated i n Eq, (5) to 
account for the finite width of the specimens and depends 
upon the ratio of crack length to specimen width ( ^ ). In 
the absence of any information concerning the nature of X, 
it was first obtained experimentally through compliance 
measurement procedure as suggested in reference [ 2 ^ In this 
calibration procedure a set of compliance measurement is 
made on the specimens with different crack lengths. The 
range of crack length is selected such that it covers the 
entire range of crack length to be used in the fracture 
toughness tests. Details c'f’ the procedure along with the 
results are described in the following paragraphs. 


The shear load versus displacement (relative dis- 
placement of the crack lips in the plane of the crack) 

curves are shown in Fig. 89. The initial compliance 

a 

obtained f rom these cuives is plotted against ( -^ ) in 

Fig# 90# The nondimensionaiised compliance ( ) is 

a ^ 

plotted against ( -^ ) in Fig. 91* The solid curve in 

Fig. 91 is the best fit curve obtained by a simple computer 

analysis and is given by 



FORWARD SHEAR LOAD,S(KN) 


Mode 


an/W= 0098 


0 196 


/02S4\ 

x'^.49a 

^. 58 ^ 



" 0.686 


Matrix: LY553 
Vf = 36% 

: ....:: L .: 


DISRU/^CEME 










E tS _ If .2481 8 + 5.8200 (aAl ) + 3.9869 (a/U) 

s - 3 4 5 

+ 1 .8203 (a/l-n + 0.6232 (a/W) +6.28 (a/W) 

( 6 ) 


It can be easily shown |_2^ that 


d ( 


s 


2 E t^ W 




(7) 


where is the strain energy release rate for the Mode II 

deformation in the plane stress condition and is related to 
Kjj through the following equation [[293 • 


II ~ E 


( 8 ) 


Substituting Eq. (8) in Eq, (7) and rearranging the terms 
yields 


K. 


II 


tw 


y a 



d(^) , 

o / a 


Comparison of Eq. (9) with Eq. ( 5 ) gives 


(9) 


X 



d( 


E_t£) 




/ - 
^ W 


( 10 ) 


The calibration factor, X, is obtained by evaluating the 

right hand side of Eq. (10) using Eq. ( 6 ). The calibration 

a 

factor X, thus obtained is plotted against in Fig. 92 . 
The following polynomial is the best fit to the Mode II 
calibration factor shown in Fig. 92.; 


= 6.1387 - 7.6700 (a/W) + 4.7912 (a/W)^ 
-1.9953 (a/W) +3.152 (a/W) 


X 
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This calibration factor has been used to calculate Kjj and 
to construct resistance cun^es. 


4.3 CiiLIBRflTION FACTOR FOR MODE III 

Consider the single edge notched specimen shown 
in Fig. 93 loaded to produce out-of-plane shear at the crack 
tip. The Mode III stress intensity factor at the crack tip 
can be written as 


^111 

where Z 


Z T/a 

Mode III calibration factor 


( 12 ) 


'T = = nominal shear stress 

F = applied out-of -plane shear force 

t = specimen thickness 

W = specimen width 

a = crack length. 

The Mode III calibration factor, Z, like those in Modes I 
and II, is incorporated in Eq. (12) to account for the 
finite width of the specimens and depends upon the ratio of 
crack length to specimen width ( y )• -1 procedure, similar 

to the one used for obtaining Mode II calibration factor, 

X, has been used to obtain the Mode III calibration factor 
Z. The details follow in the following paragraphs. 


Hie shear load "wersus displacement (relative 
displacement of the crack lips measured perpendicular to 
the plane of the specimen and parallel to the crack front) 
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FIG. 93 LOADING CONDITION OF SPECIMEN 
IN MODE m 
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curves are shown in Fig. 94. The initial compliance obtained 

^ ) in Fig. 95. The 


from these curves is plotted against ( 

non-dimensionalised compliance ( — |r^-) is plotted against 
a 

( -^ ) In Fig. 96. The solid curve in Fig. 96 is the best 
fit cuive obtained by a simple computer analysis and is given 
by 


Qlh. 
F ■ 


21.828 + 63.861 (a/W) + 93 . 4-16 (aAO + 91.100 (a/W)‘ 
4 - 5 

-f- 66.630 (aA^ ) + 38.986 (aAO 


It can be easily shown "[28 J that 


d ( 


G t8 


( ~ ) 
'' W ^ 


2 G G^^^ t^ W 
F^ 


(14) 


where Gjjj is strain energy release rate for the Mode III 
deformation in the plane stress condition and is related 
to Kjjj through the follovring equation [^29l 


III 

G. 


K. 


Ill 


( 15 ) 


^III " 2 G 

where G = shear modulus of composite . 

Substituting Eq. (l5) in Eq. (14) and rearranging 
the terns 3 ^elds 


K- 


III 


tw 


^ /a 


(^( 0 i . S ,,) 

F i , a 

, / a N ' W 
i ( W ^ 


(16) 


Comparison of Eq. (16) with Eq. (12) gives 


Z = 



(17) 







o 



The calibration factor, Z, is obtained by evaluating the 

right hand side of Eq. (17) using Eq. (13), The calibration 

a 

factor, Z, tiius obtained is plotted against in Fig. 97* 
The following exponential curve is the best fit to the 
Mode III calibration factor shown in Fig, 97» 

-17.586 f 

Z = 22,796 + 37.730 e (18) 

This calibration factor has been used to calculate Kjjj and 
to construct resistance curves. 

4.4 CRACK GROWTH RESISTANCE IN MODE II Al® MODE III 

Load versus displacement curves for Mode II and 
Mode III are shown in Figs. 89 and 94 respectively. The 
nature of these curves is different from that of correspond- 
ing curves for Mode I as discussed in Chapter III . In 
Mode I the fracture occurs at the maximum load whereas in 
Mode II and Mode III tlie load displacement curves show peak 
and considerable amount of damage occurs at reduced load 
prior to final fracture. In Mode II, first there is a 
sharp drop in the load beyond the peal'i load and then the 
load reduces gradually as the displacement increases. The 
sharp drop in load occurs due to sudden damage initiated 
at the crack tip. It is observed that the damage which 
initiates at the crack tip is not coplanar with the origi- 
nal crack and also does rmjt propogate symmetrically about 
the plane of the crack. Typical failure paths for 
different initial crack length are shown through the 





1^0 

photograph in Fig. 98. It is also observed (Fig. 98) that 
there is only a very small amount of damage adjacent to the 
crack path resulting in lower energy absorbed. In Mode III, 
the reduction in load be 3 ^ond the peak load is gradual and 
occurs due to propogation of damage. The damage occurs by 
debonding and fibre pull out and is generally symmetric 
about the plane of initial crack. Photograph of some of 
the specimens failed in Mode III are shown in Fig. 99 • 

The crack growth resistance curves (R - curves) 
for Mode II and Mode III are constructed for different 
initial crack lengths by the compliance matching procedure 
as illustrated for Mode I in Chapter 3* However, for Mode II 
and Mode III the compliance curves (Figs 90 and 95) are 
directly used as the crack length estimation curves. The 
crack growth resistance curves for Mode II and Mode III are 
shown in Figs. 100 and 101 respectively. The crack growth 
resistance at instability for Mode II (K^j n(j_ns)^ 



through the same procedure as was adopted for Mode I in 
Chapter III. The R(j_ns) ^II R(ins) different 
crack lengths are given in Table ?• The R(ins) 

%II R(ins) gi'iT'en in Table 7 are independent of initial 
crack length. This indicates that R(ins) ^III R(ins) 
may be considered material property for comparing fracture 
properties of composite materials. The crack growth resis- 
tance is plotted against crack extension in Figs . 1 02 and 
103 for Mode II and Mode III respectively. It is clear 




FIG. 98 PHOTOGRAPH OF SPEC 
D. INITIAL CRACK LEh 
RIGHT) 2,4,6, 8, 10 A 
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TABLE 7 ’ Stress Intensity Factors at Instability, 

%I R(ins) ^*0^ and R(ins ) 

Mode III . 


Initial 

Crack 

length, 

a Xmm) 
o 


5 

I 


5 — 

^II R(ins) ^ Pav/mm | R(ins) ^ ^a v/mm 


1 - 0.990 

2 0.559 

3 - 0.961 

4 0.549 

5 - 0.971 ■ 


6 


0.549 



GPa/m 





158 

from these figures that crack growth resistance in Mode II 
and Mode III is also independent of initial crack length • 


The critical strain energy release rates for 
Mode II Mode III have been calculated 

using Eqs. (8) and (15) in which the stress intensity 
factors have heon replaced hy the corresponding values of 

%I R(ins) ^II R(ins)* values of and Gjjjq 

are given in Table 8 and plotted against initial crack 
length in Fig. 104. Also plotted in Fig. 104 is Gj^ which 
has been calculated using the following expression 29 : 

r2 

(19) 


r ^R (ins ) 

“ E 


where the value of been given in Table 5 in 

Chapter 3» 


It is observed that the critical strain energy 
release rate is independent of initial crack length in 
Mode II and Mode III but not in Mode I. It is also observed 
that the critical strain energy release rate in Mode II is 
much smaller (less than half ) than that in Mode I and 
Mode III . The lower critical strain energy release rate 
in Mode II can bq attributed to the fact that only a very 
small amount of debonding is observed to occur. During 
fracture in Mode I and Mode III the higher strain energy 
release rates are obtained due to greater amount of 
debonding and fibre pu3JL out. 
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TABLE 8 : Strain Energy Eeiease Rates for Mode I, 

Mode II and Mode HI 


Initial 

Crack 

length 

a (mm) 

0 

T" 

5 2 

5 (N-mm/mm ) 

5 

5 

"T 

1 ^IIG 

0 

() 

2 

(N-mm/mm 

5 2 

■ 

1 



- 

95.0 

2 



24.5 


3 

4'). 2 


... 

90.0 

If 

4-5.9 


23.6 

- 

5 

50.8 


- 

92.0 

6 

57.0 


23.6 


7 

62 *4- 


- 


8 

67.9 


' 




STRAIN ENERGY RELEASE RATE ,Gr (N-mr 



INITIAL CRACK LENGTH, Gq 


FIG 104 VARIATION OF STRAIN E 
RELEASE RATE WITH INI 
CRACK LE N GT H FOR D I F 


CHAPTER 5 


CONCLUSIOI'TS AKD SCOPE FOR FUTURE WORK 

5.1 CONCLUSIONS 

Fracture behaviour of short glass fibre compo 
sites has been investigated in extension Mode (Mode I), 
fo 3 n^rard shear Mode (Mode II), and out-of-plane shear 
(Mode III). Eased on the results the following conclu- 
sions can be drawn: 

1 , In short fibre composites a considerable amount of 
damage occurs at the crack tip prior to final 
unstable fracture. Although there are n-umber of 
micro-cracks in the damage zone, the progress of 
damage zone is not a crack extension in the conven- 
tional sense. However, the crack tip damage does 
increase the compliance as crack extension does in 
the metallic materials. 

2. The crack growth resistance cuives (R - curves) 
for short fibre composites can be constructed by 
obtaining effective crack length through a com- 
pliance matching procedure. 

3. The crack growth resistance at instability in 

Mode I, increases with the initial crack 

length, for different fibre volume fractions and 
test temperatures. This dependence of on 
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the initial crack length indicates that it is 
uncertain if %(ins) regarded as a material 

property for short fibre composites 

4. The notched strength of the composites has been 
found to be in agreement with the theoretical 
prediction of Whitney - Huismer criteria. Vihen 
the matrix material is brittle (e.g. LY 553 at 
room temperature and - 1.1 °C). However, the 
composites exhibit a much reduced notch sensiti- 
vity when the matrix material is ductile (e.g. 

LY 553 at elevated temperature, CY 230 and modi- 
fied Cl 230). 

5« The candidate stress intensity factor shows a 

slight increase with the specimen thickness where- 
as it decreases v/ith increase in specimen width. 

6. The failure modes of composites strongly depend 
upon the test temperature. At room temperature 
and at - 1.1 the fracture is generally brittle 
with low energy absorption, whereas the fracture 
at 43.3 and 60 °C is ductile. 

7. The stress intensity factor at instability, %(j[_ng)j 

depends upon the elastic modulus of matrix material. 
Variation of with matrix modulus shows a 

peak. For a value of matrix modulus higher than 
that at peak, adhesion between the matrix and the 
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fibres is so good that the fibres break in the 
fracture plane and "very little fibre pull out 
talces place. At matrix l6ss than that at peak, 
the adhesion is poor so that the fibre pull outs 
are accompanied by low energy absorption. 

8. The load displacement curves for Mode II and 

Mode III show peak (unlike the load GOD curves 
for Mode I which increase mo no tonic ally ) and a 
considerable amount of damage occurs at reduced 
load prior to final fracture. 

9. In Mode II and Mode lH intensity 

factors at instability %iR(ins) %IIR(ins)’ 
are independent of initial crack length, indica- 
ting that they may te material properties. Also, 
the critical strain energy release rate is inde- 
pendent of initial crack length, for Mode II and 
Mode III but not for Mode I critical strain energy 
release rate. 

10, The critical straim energy release rate in 

Mode II is less than half of that in Mode I and 
Mode III • This can h® attributed to the fact that 
only a very, small amouint of debonding occurs during 
fracture in Mode II- fracture toughness 

tests in Mode II are qnite important for composite 
materials . 
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5.2 SUGGESTED FUTUHE RESEARCH VJOEK 

It is suggested that further in-vestigations 

be carried out to study the fracture properties of 

composite materials: 

1 . Fibre length is an important parameter affecting 
the properties of short fibre composites. Its 
influence on fracture toughness should be investi- 
gated. 

2. Influence of such environmental variables as 
moisture j saline water, acids and oils should be 
investigated. 

3. Fracture tou^ness of composites containing hi^ 
modulus fibres (graphite and kevalar) should be 
studied. 

4. It is not yet eviden- if the R - cuive approach is 
a good approach to characterize fracture tou^ness 
of composite materials. Other approaches should 
be explored . 

5« Effort should be made to correlate internal damage 
to the fracture toughness. 

6. Preliminary results of the present work indicate 
that Mode II may represent the severe most loading 
condition for short fibre composites. Extensive 
studies should be performed to establish this. 
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7 . 


8 . 


Effect of hybridization on 
fibre composites should be 
to fibres, metal foils may 
the fracture toughness. 


fracture properties of 

studied. In addition ^ 
136 introduced to increase 


Efforts should be simultaneously 
the fracture mechanics approach 
composites . 


directed to apply 
to continuous fibre 
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